)Fiber optics provides a means of making optical measurements on remote or otherwise inaccessible surfaces by transmitting reflected light from that remote surface to an appropriate place and/or system for recording and analysis.. In this study fields of artificially generated random speckle on the surface of a deformable test subject are transmitted at various magnifications through a coherent multimode fiber optic bundle (MMB) to a vidicon camera-digitizer system (VCD) where they are recorded for successive states, of surface deformation. These results are then numerically correlated to provide a measure of that surface deformation at a number of different locations for each pair of recorded speckle fields.
Introduction
The development of flexible optical fiber image bundles has made possible the commercial production of a family of medical and industrial instrumentsendoscopes, cystoscopes, horoscopes, etc.-specifically designed for making direct visual observations in otherwise inaccessible or remote locations and/or hostile environments. Similarly, the availability of the laser as a coherent light source has stimulated the development of various newer techniques of optical metrology-holographic interferometry (HI), laser speckle photography (LSP), laser doppler velocimetry (LDV)-which has made possible the quantitative measurement of deformations or velocities on any surface that could be appropriately illuminated and viewed. Recently there have been reports of various attempts to apply flexible optical fibers to LDV14 for the measurement of velocity at a point, demonstrating the potential for simplifying that technique. Similar efforts have now been reported for HI 5 and LSP. 6 Each of these applications has its characteristic advantages and disadvantages. For example, the LDV technique requires no imaging, so only a few individual fibers are needed to manipulate the laser light, which is a definite advantage. On the other hand, it is limited to making measurements at one point at a time, whereas HI and LSP are both full field techniques. In turn, these techniques require the use of coherent bundles of many thousands of fibers to transmit full field images from the test subject to the processor system, and such bundles are fairly expensive and usually rather limited in length.
[When used to describe an optical fiber bundle, the term coherent refers to the position of fibers at either end of the bundle (such that it will transmit an image) and not to the properties of the light passing through the bundle (which may or may not be coherent of multimode rather than single-mode optical fibers which are fixed at the ends in a close-packed coherent array. Because of the dependence of both HI and LSP on preservation of the phase relationships between successive recordings, neither technique works very well using multimode fiber optics for image transmission (or illumination for that matter) unless the MMB (multimode bundle) is also fixed rigidly throughout its length during use. This immobilization is necessary because even slight bending produces changes in the mode distribution as it propagates through the fiber, which in turn results in changes in the image wave front speckle field which are unrelated to the changes in the subject being measured. Fortunately, in Ref. 6 it was also demonstrated that this problem could be substantially suppressed for speckle photography applications by using objective (lensless) rather than subjective speckle and operating with a speckle size significantly (>3 times) greater than the size of the individual fibers in the bundle (u12 ,um). However, as with LDV, the use of objective speckle, generated by illuminating a small area of the surface with coherent light (generally the unspread beam from a laser, perhaps transmitted through a single optical fiber to the sample site), provides data from only a single point because the speckle image transmitted by the MMB is generated by the light reflected from the entire area illuminated. Consequently, whenever a nonuniform displacement of the surface takes place, the resulting shift in the objective speckle fields is associated with the averaged movement of the area illuminated-gradients become immeasurable within a given speckle field and are manifest only in some loss of correlation between successive speckle images. However, further studies 7 involving rigid body translations demonstrated that so-called white-light or artificial speckle photography techniques using a free flexible MMB and incandescent (rather than coherent laser) light would be effective. Such artificial speckle is imaged with a lens (whereas objective speckle is not) but is not influenced by modal propagation effects (as is all coherent light speckle, both subjective and objective). This suggests that limited field information may be recovered using such a system.
In the present study, the white-light speckle technique is used to obtain information from several different locations within the field of view for each image pair transmitted through a flexible MMB. This is accomplished using photoelectronic/digital recording and numerical processing to identify the displacement distribution along an elastic beam in three-point bending, demonstrating a capacity to measure surface deformations rather than just rigid body translations and to generate field information rather than just averaged point wise information.
II. Equipment
An MMB (manufactured by ACMI, Stamford, Conn.) of 4-mm diam and 2.75-m length was used to transmit white-light speckle images from the remote test sample to a vidicon camera-digitizer system (VCD) (manufactured by Hamamatsu, Japan). Microscope objectives (5X or 1OX) were used to image the surface of the test surface onto the input end of the MMB and to image the output from the MMB onto the vidicon tube. The VCD was controlled by an LSI-11 microcomputer which transmitted (5 columns at a time) the resulting TV images, Figures 1(a) -(c), in digital form to a PDP 11/45 for processing. This was the same VCD system used in the earlier study of objective speckle 6 and was operated to provide a digitized array of 256 scan lines X 100 columns or 25,600 image points at 256 levels of intensity. Typical digitized intensity distributions for an individual column from a speckle image at each magnification used are plotted in Fig. 2 . Digitized images of the speckle fields were recorded before and after each loading was applied. Each of these digitized image pairs spanned only a limited portion of the test subject (the beam in three-point bending), so that in order to cover half of the beam it was necessary to record several different image pairs for each test loading. This was done at each of from three to five stations along the length of the test subject by means of a mechanical stage on which the test subject was translated laterally within the image plane of the input lens to the MMB. Direct illumination was provided by an in situ incandescent lamp but could have been achieved remotely through an incoherent flexible fiber bundle as was done in some of the earlier work. 7
Experiment
The test subject chosen for this demonstration was a Plexiglas beam 12.5 mm thick and 25 mm deep supported at the ends (280 mm apart) and loaded at its center (in three-point bending) as shown in Fig. 3 . The vertical side surface of the beam was painted white, and a random pattern of fine (0.05-0.5-mm diam) black paint spots was oversprayed on it to provide an effective field of artificial or white-light speckle. Figure 1 shows these speckle fields as seen on the VCD TV monitor when imaged through the MMB. These fields were imaged at various magnifications giving a range of sensitivities from 0.275 mm/scan line (or column) to 0.0335 mm/scan line (or column). Figure 4 shows the arrangement of components used to generate the digitize pairs of these speckle images for computer correlation and analysis.
As mentioned above, each data set included from three to five pairs of before and after speckle images. These image pairs were taken at well-spaced positions along the beam so as to cover as much of one-half of the beam's length as reasonable. Table I lists the significant parameters of these three tests, including the image magnifications in and out of the MMB, Min and Mouth as well as the total magnification into the VCD, MT = Min X Mout. This table also gives the resulting sensitivity, a, of each digitized image in millimeters per digitized column (or per scan line, for which the same value applies), and the applied displacement at the center, 5, in millimeters. Tables II-IV give the results for each image pair within each data set as analyzed.
IV. Numerical Analysis
The displacements along the beam were measured by correlating shifted portions of each (before and after loading) digitized speckle image pair according to a simple scheme designed to identify displacement in a vertical direction (along the scan lines). As shown in Data set E, given in Table IV , was taken at the lowest overall magnification in order to demonstrate the effectiveness of covering the entire 140-mm half-length of the beam with only three image pairs, J, K, and L. These were recorded at 130, 70, and 30 mm and analyzed at line shifts of 199, +66, 33, and 0. At of = In this case then the high magnification limits the span over which data can be obtained from a given image pair too severely to provide information of much practical use in determining gradients. Indeed, these results seem hardly more useful than the averaged pointwise displacements that might be obtained using the objec- Further tests at yet lower overall magnifications, which might be expected to span even more of the beam, were not undertaken for the following reasons. First, any decrease in MT achieved by making a significant reduction in Mout would have reproduced the same aperturing effects and a corresponding loss of span that arose with data set C. Indeed, outside of going to an MMB of greater diameter, there is no way to achieve the optimum image size into the VCD without an Mout of -2. This means that the only way to decrease MT and at the same time increase the image span is to decrease Min. Unfortunately, decreasing Min much below 0.06 (the value used for data set E) puts most of the range of speckle sizes imaged into the MMB below the size of individual fibers in the bundle, with a corresponding deleterious effect on the correlations betwen images. In fact, even at Min = 0.06, the image speckle size range lies between 3 and 30,um, which is somewhat marginal for ;12 gum fiber and probably accounts for much of the increased scatter seen in Fig. 7(c) .
Careful review of the clearly erroneous data points reveals that, in many if not most cases, the images simply did not correlate well anywhere for that x-position line shift, even though they exhibited distinctive peaks for other line shifts. An example would be data set E, image pair L at a shift of 33 lines, E/L/33, (x/L = 0.140) which gave a correlation of only 0.161 at the clearly erroneous displacement of only 0.1 columns (y/ = 0.007). Figure 8 shows a plot of the correlation distribution, for example, E/J/-33 (x/L = 0.432), which was typical of all the low value correlation distributions for all the data sets. In this case the correlation range was only -0.16-+0.144 with no significant peak. This is in marked contrast to other distributions from the same image pair [e.g., the next-to-adjacent parallel correlation distributions for E/J/33 (x/L = 0.497) shown in Fig. 6(c) , whose sharp peak identifies a correct displacement of -15.5 columns at a correlation maximum of 0.6155]. While it is possible that a low correlation maximum might exhibit a correct (or at least reasonable) value, such points should generally be discarded.
In a few cases, seemingly robust correlations yielded truly bad data, as typified by C/5/0 (x/L = 0.035) where a maximum correlation of 0.393 identified a displacement ten times too large to be reasonable. Still, in most instances, the well-correlated data points showed reasonably small scatter and, for those data sets like D and E where the magnification was kept low, the results clearly support the determination of averaged gradients from within a given image pair. However, for the more magnified data set C, the limited coverage within each image and the somewhat larger characteristic scatter among even the robust values would make such determinations very difficult if not impossible. Finally, Fig.  9 is a plotted superposition of all the normalized data, y15 vs x/L, taken from the two tests (D and E) at lower (<0.25) magnification with the obvious outlier at E/ 
VI. Conclusions
(1) Deformation measurements can be made on a remote surface using an optical fiber image bundle/VCD system and numerically correlated white-light speckle. Heretofore, only rigid body movements have been measured by this technique.
(2) Using the present configuration and speckle size, it is possible to identify differences in displacement across the span of a single speckle image if it is digitized at an appropriate magnification. This means that usable white-light patterns can be transmitted through flexible multimode fiber optics and processed numerically with sufficient accuracy to make remote measurements of 1-D displacement fields.
(3). Work remains to be done to develop routines that will make this process much faster and permit its extension to more than 1-D deformations.
